Abstract Extracellular (ex) HSP60 is increasingly recognized as an agent of cell injury. Previously, we reported that low endotoxin exHSP60 causes cardiac myocyte apoptosis. Our findings supported a role for Toll-like receptor (TLR) 4 in HSP60 mediated apoptosis. To further investigate the involvement of TLR4 in cardiac injury, we studied adult cardiac myocytes from C3H/HeJ (HeJ) mice, which have a mutant, nonfunctional TLR4, and compared the results with parallel studies using wild-type (WT) mice. Nuclear factor κB (NFκB) activation is an early step downstream of TLR4. NFκB was activated 1 h after treatment with HSP60 in WT, but not HeJ mouse myocytes. ExHSP60 caused apoptosis in cardiac myocytes from WT mice, but not in myocytes from the HeJ mutants. To further elucidate the importance of exHSP60 in cardiac myocyte injury, both WT and HeJ mutant isolated mouse adult cardiac myocytes were exposed to hypoxia/reoxygenation. Anti-HSP60 antibody treatment reduced apoptosis in the WT group, but had no effect on the HeJ mutant myocytes. Unexpectedly, necrosis was also decreased in the HeJ mutants. Necrosis after hypoxia/reoxygenation in WT cardiac myocytes was mediated in part by TLR2 and TLR4 through rapid activation of PKCα, followed by increased expression of Nox2, and this was ameliorated by blocking antibodies to TLR2/4. These studies provide further evidence that TLR4 mediates exHSP60-associated apoptosis and that exHSP60 has an important role in cardiac myocyte injury, both apoptotic and necrotic.
Introduction
Heat shock proteins (HSPs) are well known as protective proteins that make cells resistant to stress-induced cell damage (Nollen and Morimoto 2002; Benjamin and McMillan 1998; Knowlton 1995) . Among the HSPs, HSP60 is highly conserved intracellular protein that is expressed both constitutively and under stress conditions and that serves as a molecular chaperone to facilitate protein folding (Neupert and Herrmann 2007; Young et al. 2004; Fink 1999) . Although the HSPs are protective and the endogenous increase in HSPs in response to injury reduces cell damage, they can lead to inflammation and even to apoptosis, in other words, a paradoxical deleterious response (Kobba et al. 2011; Knowlton and Srivatsa 2008; Nakano et al. 1997) . HSPs have been considered to be intracellular proteins; however, HSPs have been found in blood samples at levels of 1 μg to even 100 μg/ml (Srivastava 2002; Lewthwaite et al. 2002; Xu et al. 2000) . Previously, we reported that extracellular HSP60 (exHSP60) causes rat cardiac myocyte apoptosis and that this was mediated by Toll-like receptor (TLR) 4 (Kim et al. 2009a) . Some work suggests a role for TLR2 in exHSP60-mediated injury (Mathur et al. 2011; de Graaf et al. 2006) . Further investigation of the role of exHSP60 and TLR4 in cardiac injury is warranted to understand the contribution of exHSP60 to cardiac injury and to develop methods to mitigate this injury.
The TLRs are part of the innate immune system, providing a rapid response to pathogens. TLRs act as pattern recognition receptors, recognizing pathogen-associated molecular patterns (PAMPs) as well as damage associated-associated molecular patterns (DAMPs). ExHSP60, as well as other extracellular HSPs act as DAMPs, but much remains to be understood about HSPs as DAMPs (Lee et al. 2013) . TLRs activate an intracellular signaling response leading to the release of cytotoxic agents, such as pro-inflammatory cytokines like tumor necrosis factor α (TNFα). To further investigate the role of TLR4 in exHSP60-mediated cardiac myocyte injury, we studied the effect of mutation of TLR4 on exHSP60 mediated apoptosis. Furthermore, we found that both TLR2 and TLR4 mediate phosphorylation of protein kinase C alpha (PKCα) leading to increased expression of NADPH oxidase (Nox2) after hypoxia/reoxygenation (H/R). The results of these studies are reported here.
Materials and methods
Isolated adult mouse cardiac myocytes The murine strains, C3HeB/Fe and C3H/HeJ, were purchased from Jackson Laboratories, Bar Harbor, Maine. The HeJ mice do not express functional TLR4 because of a naturally occurring mutation in the TLR4 gene (Vogel et al. 1999) . The C3HeB/Fe mice are the wild type. The animal protocol was approved by the University of California, Davis Animal Research committee in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Mice cardiac myocytes In order to prepare adult cardiac myocytes for culture, the heart must be isolated and perfused to digest the extracellular matrix and isolate individual cells for culture. This is a well-established technique for the study of adult heart cells and is widely used (Sun et al. 2000; Ford and Rovetto 1987; Farmer et al. 1983; Burns and Reddy 1977) . Mouse cardiac myocytes were isolated and cultured using a method from the Alliance for Cellular Signaling (Sambrano et al. 2002) . 2,3-Butanedione monoxime (BDM), which inhibits myosin ATPase and thus blocks contraction, was added to both the isolation solutions and to culture media, as recommended by the Alliance for Cellular Signaling protocol (Sambrano et al. 2002) . In our hands, BDM 1 mg/ml for the isolation and 2 mg/ml for cultures worked best. With this protocol an average of 72 % of cells were rods (nonrods are dead/dying myocytes), a percent suitable for study and a good yield for the mouse heart. Following isolation, cells were preincubated at 37°C for 2 h to allow adherence and then treated with HSP60 (low endotoxin, cat. no. ADI-ESP-540-F, Enzo Life Sciences, Farmingdale, NY), 1 μg/ml. This low endotoxin HSP60 is considered the gold standard for work on extracellular HSP60 (Gao and Tsan 2003) . Previously, we have shown that this preparation of low endotoxin HSP60 has less than 1 EU/μg of protein based on an ELISA for endotoxin and that treatment with polymixin B beads, which bind endotoxin, did not inhibit HSP60 mediated apoptosis (Kim et al. 2009a) . Furthermore, we found that it requires 13.75 EU of endotoxin to induce apoptosis in adult cardiac myocytes (Kim et al. 2009a) . TNFα (cat. no. 210-TA-100, R&D Systems, Minneapolis, MN), 10 μg/ml, was used as an internal reference point for the degree of apoptosis. Untreated cells were used as a control. Isolated adult mouse cardiac myocytes are challenging to maintain in culture. Excellent mouse cardiac myocytes are needed to survive 16 to 19 h in order to study the response of an entire plate of cells, as is done in many of these experiments.
To ensure that quality cells were used for studies, the control cells for each experiment were inspected on the second day to verify that healthy rod-shaped cells were present prior to collecting the samples from all the plates for analysis. When this was not the case, the cells were not analyzed and all plates were discarded. This occurred approximately 10 % of the time.
NFκB activity was measured using a commercial assay similar to an ELISA, where a 96-well plate was coated with the DNA binding domain for nuclear factor κB (NFκB) (cat. no. 898858, Pierce, Rockland, IL), as previously described (Hamilton et al. 2004b ). After incubation with nuclear extracts and washing, the plate was incubated with antibody to p50, and then developed for color. Previously, we have shown that these results correlate well with traditional EMSA, but allow quantification of activation (Hamilton et al. 2004a) .
Apoptosis endpoints Three different endpoints of apoptosis were used. The Cell Death ELISA (CDD, cat. no. 11544675001, Roche, Pleasanton, CA) measures oligosome formation and is an index of DNA fragmentation. The TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay (cat. no. 11772457001, Roche) was used to assess the percent of cells undergoing apoptosis. Lastly, caspase-3/7 activity was measured using a kit (cat. no. HTS02, Calbiochem, EMD Millipore, Billerica, MA), following the directions of the manufacturer. Based on our previous findings, caspase-3/7 activity was measured after 16 h of treatment and DNA fragmentation (CDD and TUNEL) was assayed after 19 h of treatment (Kim et al. 2009a ).
Hypoxia/reoxygenation Adult mouse cardiac myocytes were treated with 2 h of hypoxia in a hypoxia workstation (Forma), followed by 1 h of reoxygenation, based on pilot studies, as previously described in detail (Gupta and Knowlton 2002) . A subset of cells were treated with either 2 or 5 μg/ml of anti-HSP60 antibodies (ADI-SPA-807E, clone LK2), Enzo Life Sciences, Farmingdale, NY) just prior to reoxygenation.
Media LDH was measured as previously described, and data was normalized to total cellular protein to correct for any variation in cell density (Nakano et al. 1997) . Media was centrifuged briefly at 500 g to sediment any nonadherent cardiac myocytes, and this pellet was combined with cells scraped from the culture plates to measure total cellular protein. The Live/Dead assay (cat. no. L-3224, Life Technologies, Thermo Fisher, West Sacramento, CA) was used to assess overall cell viability as previously described (Nakano et al. 1997) . A minimum of 30 cells were scored per plate.
Westerns Westerns were performed and analyzed, as previously detailed (Stice et al. 2011 ). Antibodies to phospho-PKCα (1:90,000, phosphor-T497, cat. no. AB76016, antibody clone EP26084) and PKCα (1:1000, cat. no. AB32376, antibody clone Y124) were obtained from Abcam (Cambridge, MA). Anti-Nox2 antibody (Abcam, cat. no. 129068, clone EPR699) was used at 1:1000. Nitrocellulose (Bio-Rad, Hercules, CA) was used for all blots. Phosphorylation blots were blocked with 3 % BSA following our previously described protocol (Stice et al. 2012) . Affinity purified anti-mouse IgG-HRP and anti-rabbit IgG-HRP (both from Amersham, GE Healthcare Biosciences, Piscataway, NJ; anti-mouse cat. no. NA931, anti-rabbit cat. no. NA934) were used at 1:1000 as secondary antibodies.
Statistics Data is expressed as mean±standard error of the mean (SEM). Groups were compared by ANOVA and by ANOVA on ranks for normalized data, followed by a Student-Neuman-Keuls or Dunn's test. For paired data, a Wilcoxin ranks test was performed. A p value <0.05 was considered significant.
Results
Activation of TLR4 leads to NFκB activation, a critical downstream signaling step, leading to increased inflammatory cytokine expression and to activation of apoptotic cascades. The HeJ mutant has a point mutation on the intracellular portion of the receptor, which replaces proline 712 with histidine. This single amino acid substitution renders the TLR4 receptor unresponsive to inflammatory stimuli, like LPS. As NFκB Fig. 1 ExHSP60, inflammation, and apoptosis. a NFκB activation by HSP60. Graph summarizes effect of HSP60 on NFκB activation in adult cardiac myocytes from TLR4 mutant (HeJ) and WT mice; n=8-9/group. *p <0.05 versus WT. b Caspase-3/7 activation by HSP60. Graph summarizes results of experiments measuring caspase-3/7 activity after treatment with HSP60 or TNFα, as a reference control for the amount of apoptosis. Data was normalized to control to correct for variation among mouse myocyte isolation. White bars are WT, and gray-striped bars are TLR4 (HeJ) mutant adult mouse cardiac myocytes; n=21-32/group. *p<0.05 versus respective control group. c DNA fragmentation by CDD assay. Graph compares DNA fragmentation in WT and TLR4 mutant (HeJ) adult mouse cardiac myocytes after treatment with HSP60 or TNFα, as a reference control for the amount of apoptosis. White bars are WT, and gray-striped bars are TLR4 (HeJ) mutant adult mouse cardiac myocytes; n=14-17/group. *p<0.05 versus respective control group activation is a critical step in TLR4 signaling, we first investigated whether the HeJ mutation affected exHSP activation of NFκB.
HSP60 activates NFκB. NFκB activation was quantified using an assay, which measures binding of p50 from nuclear extracts to a microtiter plate coated with an NFκB consensus binding domain. Previously, we have reported that HSP60 increases NFκB activation as early as 20 min and that activation is still present at 80 min in adult rat cardiac myocytes. In the current study, given the limited number of mouse myocytes, we investigated NFκB activation at 60 min. As shown in Fig. 1a , NFκB activation was doubled in WT cells treated with HSP60 compared to controls. In contrast, there was no change in NFκB activity in cardiac myocytes derived from the HeJ mice.
Apoptosis Isolated cardiac myocytes from HeJ and WT mice were used to investigate the role of TLR4 in HSP60-mediated apoptosis. The cells were allowed to recover from isolation for 1-2 h and then treated with 1 μg/ml HSP60 or 10 ng/ml TNFα. Activation of caspase-3/7 was measured at 16 h. As shown in Fig. 1b , the HeJ mutant mice myocytes did not have increased caspase-3/7 activity after treatment with HSP60, but did show activation of caspase-3/7 by TNFα. WT cardiac myocytes showed caspase-3/7 activation after either treatment (p<0.05 vs C), as shown in Fig. 1b. DNA fragmentation DNA fragmentation occurs downstream of caspase activation. The Cell Death ELISA (Roche) was used to quantify DNA fragmentation at 19 h. HSP60 did not increase DNA fragmentation in HeJ cardiac myocytes, but TNFα did (Fig. 1c) . Both HSP60 and TNFα caused DNA fragmentation in the WT cardiac myocytes (p<0.05 vs C).
The TUNEL assay The TUNEL assay was used to assess the percent of cardiac myocytes undergoing apoptosis after 19 h of treatment. ExHSP60 did not increase TUNEL-positive HeJ cardiac myocytes (Fig. 2) , and although TNFα increased the percent of TUNEL-positive cells in HeJ myocytes, this was not significant. In contrast, both treatments doubled apoptosis in the WT cardiac myocytes (p<0.05 vs C). Representative apoptotic and nonapoptotic cells are shown in Fig. 2b and c. There was no difference in the amount of TUNEL-positive cells between the two treatments in WT cardiac myocytes. These results are consistent with the measurements of DNA fragmentation.
Hypoxia/reoxygenation ExHSP60 caused cardiac myocyte cell death. Ischemic injury leads to necrosis and the release of cellular proteins including HSP60. Therefore, we investigated whether hypoxia/reoxygenation injury would be attenuated by treatment with anti-HSP60 antibodies. Cells were subjected to 2 h of hypoxia and 2 h of reoxygenation. Just prior to reoxygenation, 2 or 5 μg/ml of HSP60 antibody was added to the cardiac myocytes. After a 2-h recovery period, cells were evaluated for injury. Cardiac myocyte viability was markedly decreased by hypoxia/reoxygenation (Fig. 3a) . HSP60 antibody treatment prevented this significant drop in cell viability. As shown in Fig. 3b, HSP60 antibodies markedly decreased the release of LDH; however, LDH release was Fig. 2 TUNEL assay. a The TUNEL assay was done to assess relative percent of cardiac myocytes undergoing apoptosis. White bars are WT, and gray-striped bars are TLR4 (HeJ) mutant adult mouse cardiac myocytes. Data was normalized to control to correct for variation among mouse myocyte isolation. White bars are WT, and gray-striped bars are TLR4 (HeJ) mutant adult mouse cardiac myocytes; n=11-16/ group. *p <0.05 versus respective control group. b Representative TUNEL-positive cells. c Representative TUNEL-negative cells. Arrows point to TUNEL-positive nuclei. Scale bar 20 μM still increased in the antibody-treated groups compared to normoxic control cells. For comparison, the same studies were performed using the TLR4 mutant cardiac myocytes. Cell viability was not decreased by hypoxia/reoxygenation (Fig. 3c) . There was no LDH release in response to hypoxia/ reoxygenation (Fig. 3d) . Thus, in contrast to the WT cells, in the mutant cells HSP60 antibody treatment had no benefit, as there was no increase in necrosis with hypoxia/reoxygenation. The experiment was repeated in WT cells, using blocking antibodies to TLR2 and TLR4. As shown in Fig. 4 , blocking antibodies to both TLR2 and TLR4 reduced LDH release following hypoxia and reoxygenation. Thus, both TLR2 and TLR4 were involved in the increase in necrosis.
Several possible mechanisms were considered for the increased release of LDH following exHSP60 treatment. Based on the location and abundance of Nox2 in the heart and the limited literature in this area involving different cell types, we hypothesized that the increase in necrosis we observed with TLR4/TLR2 activation by exHSP60 was mediated by activation of PKCα leading to a rapid increase in Nox2 expression, followed by increased ROS production (Bae et al. 2009; Simon and Fernandez 2009; Matsuno et al. 2012) . PKCα was found to be activated by phosphorylation 10 min after exHSP60 treatment (Fig. 5a and b) , and this phosphorylation rapidly disappeared, being no longer present at 60 min (data not shown). Blocking antibodies to either TLR2 or TLR4 reduced PKCα phosphorylation at 10 min. In turn, Nox2 expression increased at 1 h ( Fig. 5c and d ). This is a rapid response to TLR4 activation and occurs much more quickly Fig. 3 HSP60 and hypoxia/ reoxygenation-associated injury. a, c Live/Dead assay, which assesses cell viability based on mitochondrial metabolism of calcein and binding of ethidium to cellular DNA. a WT cardiac myocyte viability in control ( C), untreated cells, after 2 h of hypoxia followed by 1 h of reoxygenation (hypoxia), and the effect of treatment with anti-HSP60 antibodies prior to reoxygenation at either 2 or 5 μg/ml concentration. b LDH release after hypoxia/ reoxygenation by WT cardiac myocytes. d LDH release after hypoxia/reoxygenation by TLR4 mutant cardiac myocytes. C, control; Hypoxia, treated with 2-h hypoxia/1-h reoxygenation; AB 2 μg and AB 5 μg, 2 or 5 μg/ml of HSP60 antibody added to media just prior to reoxygenation. *p<0.05 versus C and AB 5 μg in a; *p<0.05 versus all in b; **p<0.05 versus C. n=6-12/ group Fig. 4 TLR2 and TLR4 blocking antibodies and LDH release after hypoxia/reoxygenation. Cardiac myocytes were pretreated with TLR2 or TLR4 blocking antibodies before hypoxia/reoxygenation. LDH was measured after reoxygenation as an index of necrosis. n=15/group than the increase in cytokines in response to TLR4 activation in cardiac myocytes (Kim et al. 2009a ).
Discussion
The current study aimed to further investigate the role of TLR4 in cardiac myocyte injury mediated by exHSP60. Previously, we have shown that blocking TLR4 or components of the downstream signaling pathway ameliorated exHSP60-mediated cardiac myocyte apoptosis. TLR4 blocking antibodies decreased but did not completely inhibit HSP60-mediated apoptosis (Kim et al. 2009a) . The current work demonstrates directly, through use of the TLR4 mutant mouse, that the TLR4 receptor was essential for exHSP60 mediated apoptosis, and provides new information about the role of TLR2 and TLR4 in necrosis. Our results establish that mutation of the cytoplasmic domain of TLR4 prevents HSP60-induced apoptosis in cardiac myocytes. Furthermore, anti-HSP60 antibodies attenuated myocyte injury after hypoxia and reoxygenation, supporting that HSP60 released during hypoxia/reoxygenation amplifies cell injury. The increase in necrosis was mediated by phosphorylation of PKCα, followed by increased expression of Nox2 at the protein level.
TNFα did not cause significant DNA fragmentation in the TLR4 mutants, which is consistent with our finding in the rat cardiac myocyte that TLR4 blocking antibodies reduced TNFα-mediated DNA fragmentation (Kim et al. 2009a ).
However, TNFα caused similar amounts of caspase activation, in both WT and mutant cardiac myocytes, again similar to findings in the rat cardiac myocytes. We previously have shown that DNA fragmentation after activation of TLR4 by HSP60 or after TNFα treatment is independent of caspase-3/7 activation (Kim et al. 2009a ). The absence of TNFα-mediated DNA fragmentation despite caspase-3/7 activation in the HeJ mutant is congruent with our previous studies demonstrating that TLR4 blocking antibodies unexpectedly reduced TNFα-mediated apoptosis (Kim et al. 2009a) .
HSPs as unexpected mediators of injury/inflammation. As more is understood about the HSPs, it has become apparent that they may also be provocateurs of injury, as well as protectors. HSP60 has been thought to be a ligand of the innate immune system, binding TLR4, with evidence slowly accumulating to support this, including the current work. Some have reported that HSP60 binds TLR2, but we have not found this to be the case in cardiac myocytes (Kim et al. 2009a; de Graaf et al. 2006; Zanin-Zhorov et al. 2006; . Innate immunity is a primitive immune system that generates an immediate toxic response to recognized dangerous motifs, such as LPS. Thus, the TLRs (11 identified to date) recognize specific types of molecules as foreign or toxic (Matzinger 2002) . Downstream of the TLRs is activation of NFκB and the production of toxic cytokines, such as TNFα, that are released from the cell.
TLR4, HSP60, and myocardial injury. TLR4 mutant and knockout mice have been used to investigate the role of TLR4 Fig. 5 PKCα, Nox2, and exHSP60-mediated necrosis. a TLR2 and TLR4 blocking antibodies and phosphorylation of PKCα after 10 min of reoxygenation. b Representative westerns for phospho-PKCα and total PKCα. Phospho-PKCα densities were normalized to the respective total PKCα. c TLR2 and TLR4 blocking antibodies and Nox2 protein levels at 1-h reoxygenation. Nox2 levels were normalized to GAPDH as a loading control. d Representative westerns for Nox2 and GAPDH. n=4/group in myocardial injury after ischemia or infarction. TLR4 mutant and knockout mice have smaller infarcts, although this was not associated with improved function (Kim et al. 2007; Oyama et al. 2004) . In patients, TLR4 levels in monocytes were increased post-infarct and higher TLR4 levels correlated with the development of heart failure. Better recovery of function after global ischemia in the isolated perfused mouse heart was seen with TLR4 deficient mice, and this was associated with lower TNFα and IL1β levels (Cha et al. 2008) . In addition, WT mice had fourfold greater activation of NFκB compared to TLR4 deficient. The improved function postischemia was reduced by treatment with TNFα and IL1β to match wild-type levels (Cha et al. 2008) . TLR4 deficient mice also had reduced post-MI remodeling and long-term better function (Timmers et al. 2008 ). More recently, it has been shown that treatment with anti-HSP60 antibodies prior to coronary ligation reduced the subsequent production of TNFα and IL-6 (Tian et al. 2013) . Thus, in acute ischemia, TLR4 activation contributes significantly to myocardial injury and adverse remodeling.
In the current study, anti-HSP60 antibodies reduced injury after hypoxia/reoxygenation, including LDH release, which is associated with necrosis rather than apoptosis. There was no benefit to anti-HSP60 treatment in the TLR4 mutant cardiac myocytes, as these cells were quite resistant to injury. Others have found that HSP60 released from the ischemic heart enhances cardiac injury and that this is mediated by TLR4 activation (Tian et al. 2013; Li et al. 2011) . Thus, HSP60 is potentially an important contributor to ischemic injury.
HSP60, TLR2/4, PKCα, Nox2, and necrosis. Nox2 is one of the seven known Nox family proteins. Nox2 and Nox4 are the most abundant Nox proteins in the heart. Nox2 is associated with the plasma membrane, and Nox4 is associated predominantly with organelle membranes. Overall, Nox2 and Nox4 have been shown to be important and equal contributors of ROS in myocardial ischemia/reperfusion (Matsushima et al. 2014) . LPS is commonly used to model sepsis, and several researchers have found that TLR4 has a role in LPSmediated increased ROS and cell death. TLR4 has been reported to mediate activation of Nox2 and Nox4 in human umbilical vein endothelial cells (HUVECS) (Simon and Fernandez 2009) . In HUVECS, cell death from necrosis after LPS treatment occurred prior to any increase in cytokine expression (Simon and Fernandez 2009) . Similarly, Nox1, which was expressed at low levels in the heart, and Nox2 expression increased in the heart after treatment with endotoxin (Matsuno et al. 2012) . Modeling this in H9c2 cells demonstrated that siRNA to knock down TLR4 prevented the LPSinduced increase in Nox1 mRNA (Matsuno et al. 2012) . In macrophages, TLR4-mediated activation of Nox2 by minimally oxidized (mm) LDL (Bae et al. 2009 ). Based on the location and abundance of Nox2 in the heart, we hypothesized that the increase in necrosis we observed with TLR4 activation by exHSP60 was mediated by an increase in Nox2 expression.
Nox2 is predominantly a membrane bound protein, and it is known to be involved in the stress response in cardiac myocytes (Zhao et al. 2010) . Increased Nox2 expression is also found in other cells types in hypoxic conditions (Schroder et al. 2009 ). Nox2 mediates the increase in ROS seen in HUVECs after treatment with LPS, which activates TLR4 (Simon and Fernandez 2009 ). Based on a relatively limited literature, Nox2 appeared a likely mediator of TLR mediated necrosis and we investigated its activation after H/R. Overall, there has been limited investigation of Nox2 and hypoxia in cardiac myocytes (Akki et al. 2009 ).
PKCα is involved in hypoxia-related signaling pathways in other cell types (Hasan et al. 1996) , as well as in cardiac myocytes (Mehta et al. 2002) . We found that PKCα was phosphorylated after H/R in cardiac myocytes, and this correlated subsequent increased Nox2 activity. PKCα activation was transient and was gone by 1 h.
TLR4 signaling and disease. The TLRs were originally identified as a critical early part of the immune response to infection. However, over time, it has become apparent that in addition to protecting the organism against infection, the TLRs also can promote disease and inflammation. Previously, we have demonstrated in adult rat cardiac myocytes that exHSP60 stimulates apoptosis via TLR4. The current study provides further proof of the important role of TLR4 in HSP60 induced injury post-hypoxia/reoxygenation, as well as in HSP60-induced apoptosis (Kim et al. 2009a ). Other work suggests that exHSP60 contributes to neurodegeneration via activation of TLR4 (Lehnardt et al. 2008) . However, the role of TLR4 in disease is complex. In cancer, TLRs have been found to have a role promoting cell proliferation, resistance to chemotherapy, and metastasis (Chen et al. 2008) . TLR4 signaling in ovarian cancer cell lines activated IRAK4, leading to cJun phosphorylation and activation of NFκB (Szajnik et al. 2009 ). This promoted VEGF expression and resistance to apoptosis. Similarly, in SW620 cells (colon cancer cell line), TLR4 promoted cell proliferation and migration through phosphorylation of ERK 1/2 (Zhou et al. 2011) . Downregulation of TLR4 with siRNA inhibited prostate cancer cell invasion and survival (Hua et al. 2009 ). Thus, the role of TLR4 in disease is complex.
TLR4, HSP60 experimental caveats. The potential effects of exHSP60 have generated significant interest, particularly with regard to inflammation and as a source of increased injury after myocardial infarction, which results in the release of cellular contents into the blood stream as a result of necrotic cell death. It is important that work in this area be conducted with low endotoxin material and controls to avoid misinterpretation of results.
Conclusions
In the last 5-10 years, observations have been made that suggest a paradoxical, destructive role for HSPs in certain settings. In disease states, the HSPs may be overexpressed and can contribute to disease progression, rather than to protection. In particular, extracellular HSPs can activate inflammatory signaling pathways leading to destructive effects. Others have recently demonstrated a tripling of plasma HSP60 with menopause, and that exHSP60 induced apoptosis in human bone marrow stromal cells via TLR2 (Kim et al. 2009b ). In contrast, HSP60 inhibited apoptosis via MyD88 in B cells (Cohen-Sfady et al. 2009 ). Thus, the role of exHSP60 in cell injury is complex, and at times, exHSP60 is clearly beneficial. Further investigation will be needed to understand the role of exHSP60, TLR2, and TLR4 in the disease.
